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Abstract.—It was not too long ago that our best available science advised that Pacific 
salmon abundance could be rebuilt to historic levels by adding more fish to the ocean. 
In Canada it was proposed that an enhancement program would not only benefit Pacific 
salmon, but it would also be repaid when the increased abundances were fished and 
taxed. The belief that there was unused carrying capacity in the ocean that could be 
filled with hatchery-reared fish persisted into the 1990s as indicated by plans to rebuild 
coho salmon, Oncorhynchus kisutch, stocks. It was in the 1990s that most researchers 
accepted that Pacific salmon production was related to trends in ocean carrying capac-
ity. It was also accepted that regimes were real, resulting in persistent states in carrying 
capacity that shifted quickly to new states on a decadal scale. It was unsettling that 
climate trends could be directly related to Pacific salmon production because fisheries 
management science at the time did not include climate as a major factor that caused 
trends in production. The recognition that climate was a major factor regulating salmon 
productivity was also alarming since most scientists believed that humans were rapidly 
changing the climate. An additional concern was that hatchery-reared Pacific salmon 
were now common throughout the distribution of Pacific salmon and it was uncertain 
how the ability of Pacific salmon to adapt to climate variability had been compromised 
by the intermixing of hatchery and wild fish. The days of blaming everything on overfish-
ing are gone. Providing the best available scientific advice now requires maneuvering 
through the uncharted waters of climate change with a science that has lost some of its 
steerage. The solution may be something we have known for years. Fisheries manage-
ment science must improve forecasts. Model forecasting on a large scale may improve 
greatly as we discover the planetary forces that shift climate regimes and alter the trends 
in ocean carrying capacity for Pacific salmon. Model forecasting on a regional scale will 
also improve as the linkages between climate and marine survival are discovered. Fisher-
ies scientists need to form teams that include biologists, oceanographers, climatologists, 
and perhaps physicists. Science organizations that find ways to establish, recognize, and 
reward these teams will probably provide the best management advice.

 
Introduction

World fisheries developed after the Sec-
ond World War as a way of feeding people, 
employing people, and developing national 
economies. At that time there was little un-
derstanding of how much fish was available 

around the world and an even poorer under-
standing of how to manage so that fisheries 
would be sustainable. Governments were de-
veloping their fisheries on one hand, but rec-
ognized that they had responsibilities to be 
stewards of aquatic resources on other hand. 
Banks and businesses became involved, rec-
ognizing that they also needed better infor-
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mation about the size and sustainability of 
the resource in order to make wise invest-
ments. Bill Ricker was one of the first fisher-
ies scientists to develop a method of deter-
mining how much fish could be caught from 
a population without removing so many fish 
that recruitment was substantially reduced or 
failed (Ricker 1954). It is noteworthy that 50 
years ago Ricker was concerned that the exis-
tence of climate trends would have important 
consequences on the productivity of Pacific 
salmon. Ricker found no evidence of climate 
or ocean trends at that time and assumed that 
a random model could be used to assess cli-
mate impacts on recruitment (Ricker 1958).

In this chapter we look at how the initial 
assumptions about climate impacts on Pacific 
salmon populations affected management. 
Hindsight shows us that strategic manage-
ment could not be successful. We now find 
ourselves in a situation where we need to 
re-think how we model the mechanisms that 
drive our assessment models, recognizing 
that at the same time humans are changing 
climate through our emissions of greenhouse 
gases. An advantage is that we are now on 
the right road as we accept that the effects 
of climate and oceans on recruitment must 
be modeled along with the effects of fishing. 
We also now know that the climate-related 
impacts on production occur in trends or 
cycles. The nature and modes of variability 
of the cycles or fluctuations vary. Very long-
term changes (glacial scale and longer) are 
only of passing interest in fisheries manage-
ment. It is relatively shorter trends that are 
most relevant. One of the first cycles to be 
recognized was the Russell cycle that identi-
fied a 60-year fluctuation in plankton and fish 
abundance in the English Channel that was 
related to warming and cooling (Russell et al. 
1971). Minobe (1999) also identified cycles 
of this length in the climate and ocean in the 
northern North Pacific Ocean. There are the 
approximately 30-year fluctuations in Pacific 
sardine populations (Kawasaki and Omori 

1986; Beamish et al. 1999). Oscillations 
are observed in the scale depositions off the 
Pacific coast of North America (Souter and 
Isaacs 1974) or in the stable isotope concen-
trations in the sediments of lakes that pro-
duce sockeye salmon Oncorhynchus nerka 
(Finney et al. 2002). There are also the short-
er term, three to five-year variations related 
to El Nino/Southern Oscillation (ENSO), but 
it is the decadal-scale changes (Mantua et al. 
1997) that we suggest are the scales of vari-
ability most relevant to the major stocks of 
Pacific salmon throughout their range as well 
as the day-to-day lives of these stocks.

Natural trends in physical variability that 
are linked to biological variability indicate a 
linkage between fisheries management and 
physics. Einstein1 wrote that God does not 
play dice with the universe. If there is order 
in the climate and ocean processes that affect 
the dynamics of fish populations, then the 
discovery of this order may simplify fisheries 
management and improve forecasting mod-
els. We suggest that trends in the seasonal 
length of day (LOD) may be an index of this 
order on a basin scale as well as a method 
of identifying regime shifts. We propose that 
discovery of the linkage between physics 
(astronomy) and Pacific salmon production 
will make forecast models more reliable on 
a basin scale and therefore make manage-
ment more credible. More reliable forecasts 
can be defined as getting production trends 
right, identifying changes in trends earlier, 
and improving the understanding of the com-
plex interactions of the mechanisms that reg-
ulate production. We agree with Mantua and 
Francis (2004) that future management needs 
to move away from expecting that accurate 
forecasts of production at the stock level are 
possible, particularly as the expected impacts 
from a changing global climate begin to oc-
cur. However, better management is not just 
getting the numbers right. Better manage-
1Albert Einstein in a letter to Max Born, 1926 wrote, “at 
any rate, I am convinced that He [God] does not play dice.”
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ment is also a social issue that strengthens 
the relationship among scientists, managers 
and clients. It is the better understanding of 
the linkages between the life history strate-
gies of the species we fish and the processes 
that shape those strategies that contributes to 
better decision making and to better relation-
ships with the public. Mantua and Francis 
(2004) argue that it would be wise to move 
away from trying to produce more accurate 
forecasts of Pacific salmon production. We 
agree that the desired accuracy of the past 
may not be possible, but we suggest that it 
is possible to use regional indices of climate 
and their impacts to improve management, 
even at regional scales.

 
Uphill Getting There

In the early 1970s the total catch of all 
species of Pacific salmon by all countries had 
been declining very slightly for about 20 years 
(Figure 1). Salmon biologists around the rim 
of the North Pacific did not then have accurate 
total catches; however, national catch records 
showed similar trends. In Canada there was 
no indication of increases in catch despite 

the new approaches to management resulting 
from the now historic paper of Ricker (1954) 
that showed how fishing could be regulated 
to rebuild stocks and optimize recruitment. 
This inability to rebuild stocks to anticipated 
higher abundances prompted Ricker to pub-
lish another famous paper in 1973 that identi-
fied two mechanisms that made it impossible 
to maintain peak-period yields from stocks of 
Pacific salmon. Ricker (1973) considered that 
a puzzling problem of Pacific salmon ecology 
was that major runs of Pacific salmon rather 
consistently failed to produce levels close to 
what was generally expected of them based on 
their past history. It is important to recognize 
that the prevailing view among fisheries sci-
entists was that ocean and climate impacts on 
recruitment were not responsible for the per-
sistent declines in abundance. Furthermore, 
it was believed that carrying capacity for Pa-
cific salmon in the ocean was not being fully 
utilized because of the mechanisms proposed 
by Ricker (1973) and because of damage to 
the freshwater rearing areas. This interpreta-
tion led to the establishment of the Salmon 
Enhancement Program in 1977 (Fisheries and 
Environment Canada 1978). The argument 
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  Figure 1. Total commercial catch (t) of Pacific salmon by all countries from 1925 to 2004. The 
dotted line shows the increase in catch from 1977 as a consequence of the increase in the 
ocean production of salmon after the 1977 regime shift.
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that convinced government officials to sup-
port the program was that the ocean capacity 
to produce Pacific salmon was underutilized 
because of a shortage of juvenile salmon. It 
was explained that the technology existed to 
rear Pacific salmon artificially in hatcheries 
or in specially designed channels and offi-
cials were reassured that no new science was 
needed. Artificial rearing would increase the 
egg-to-fry or egg-to-smolt survival, result-
ing in dramatically improved production of 
juvenile Pacific salmon in freshwater. When 
the resulting juveniles entered the ocean they 
would be able to survive and grow as a con-
sequence of the underutilized ocean carrying 
capacity. Because the impact of ocean and 
climate was proposed to be random, it was 
possible to use average estimates of marine 
survival to calculate how many fish of what 
species needed to be reared to achieve a level 
of production that could begin to “repay” the 
costs of the program through taxes on the ex-
pected returns to the fishery (Figure 2). One 

estimate of the total additional production 
was 27.1 million fish after 25 years (Figure 
2) and a total catch of about 50 million fish. 
It is now 25 years later and the total catch 
estimates for Canada in 2004 were 7.7 mil-
lion fish, or about 15% of the forecasted pro-
duction. The reduced catch in recent years is 
a result of management reducing fishing op-
portunities as well as reduced abundance, but 
it is clear that there are not 50 million salmon 
returning to Canadian rivers. The point we 
are making is that there was a natural trend 
in abundance that is related to ocean carrying 
capacity and is independent of the enhance-
ment activities. This natural trend was evi-
dent in record high catches in the mid 1980s 
(Figure 3), only eight years after the Salmon 
Enhancement Program was started. These 
record catches resulted from a change in the 
climate and ocean habitat of Pacific salmon 
that produced a natural increase in marine 
survival after the 1977 regime shift (Beamish 
and Bouillon 1993).
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Figure 2. The proposed cumulative production of Pacific salmon in British Colombia over a 
35-year period that would result from a hatchery and enhancement program started in 1977. 
The dashed line represents the proposed total production of all species.
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The belief that climate and ocean carry-
ing capacity were not the principal factors 
regulating Pacific salmon production persist-
ed through to the early 1990s as evidenced 
by the consensus reached in the final report 
of the Coho Steering Committee (Fisheries 
and Oceans Canada 1992) on how to restore 
coho salmon abundance. Disturbing decreas-
es in coho survival occurred in a number of 
areas in the late 1980s and early 1990s. The 
resulting declines in abundance occurred de-
spite the attempts of hatcheries to rebuild and 
restore abundances. A two-year study pub-
lished in 1992 (Fisheries and Oceans Canada 
1992) determined that the declines resulted 
primarily from overfishing and freshwater 
habitat loss, although it was acknowledged 
that in the longer term, “studies of the carry-
ing capacity of estuarine and marine survival 
and growth in the Strait of Georgia should 
be conducted to evaluate whether the ma-

rine carrying capacity is being taxed.” Par-
ticipants in the study concluded that, because 
the catch of enhanced coho (not wild coho) 
salmon had risen rapidly as a result of the 
hatchery program, it was tempting to simply 
produce more coho salmon in hatcheries and 
solve the problem. The authors of the coho 
report wrote that, “it can be argued that coho 
stocks could be rebuilt simply by expanding 
this enhancement effort several fold.” The au-
thors also cautioned that this approach would 
be expensive and there was accumulating 
evidence of detrimental effects of hatchery-
reared coho on wild stocks. The major rec-
ommendation of the Coho Steering Commit-
tee was to reduce the exploitation rate from 
75 to 80% down to 65–70%. The benefits of 
a 10% reduction in fishing and an expanded 
vigilance in protecting freshwater habitat was 
identified as 300,000–800,000 more coho 
salmon being available to fisheries in six to 
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Figure 3. Total commercial catch of Pacific salmon in British Columbia from 1924 to 2004. 
Following the 1977 regime shift, there was an increase in catch with the highest catch oc-
curring in 1985. Then catches declined and the 2004 catch of Pacific salmon is the lowest 
on record.
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twelve years. In fact, in six years there were 
about 600,000 fewer coho salmon in the catch 
(Figure 4). The reduced catch was a result of 
reduced abundance and a managed reduction 
in catch. Fisheries for coho salmon collapsed 
a few years later.

The inability to manipulate stocks to de-
sired or calculated levels generally was not 
the result of poor management or poor sci-
ence. Pacific Region government and univer-
sity scientists were highly regarded within 
the world fisheries community. There were 
excellent managers in the Pacific Region and 
support for management was strong, as indi-
cated by the large Salmon Enhancement Pro-
gram which from 1977 to 2004 spent about 
700 million Canadian dollars. The problem 
was that a basic assumption in management 
and in the science was not valid. Nonran-
dom climate and ocean impacts profoundly 
affected Pacific salmon marine survival and 
production trends (Beamish et al. 2004). Sci-
ence had not yet recognized that the capacity 

to produce salmon in the ocean occurred in 
trends, which sometimes changed quickly. 
Despite well-intended efforts, we were on the 
wrong road and we could not get to our desti-
nation from the direction we were headed.

 
Uphill Coming Back

Regimes and regime shifts refer to dec-
adal-scale climate and ocean patterns and 
sudden shifts in these patterns. A regime 
shift is an abrupt, climate-driven change in 
the productivity of a marine ecosystem. The 
magnitude of the changes is believed to be a 
function of the amount of energy exchanged 
between the atmosphere and the solid earth 
(Beamish et al. 1999). The impact on Pacific 
salmon depends on the magnitude of the shift, 
the life history strategy of the particular spe-
cies, and the regional response of a marine 
ecosystem to the shift. A number of papers 
have been written describing and discussing 
the impacts on fish populations of persistent 
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Figure 4. The recreational catch of coho salmon in the Strait of Georgia from 1980 to 2005 
(Source: DFO Pacific Regional Data Unit 2005).
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trends in physical and biological parameters 
that shift quickly to new states (Beamish and 
Bouillon 1993; Francis and Hare 1994; Man-
tua et al. 1997; Beamish et al. 1999; Hare 
and Mantua 2000; McFarlane et al. 2000; 
Zhang et al. 2000; Benson and Trites 2002; 
Clark and Hare 2002; Yasunaka and Hanawa 
2002). A good summary of current thinking 
was recently produced by a team of interna-
tional scientists. Working under the umbrella 
of PICES, they concluded that regimes were 
real and that, “based on North Pacific climate 
and ocean indices, there were regime shifts 
in 1989 and 1998” (King 2005). The report 
concluded that “marine resource manage-
ment agencies need to develop policies with 
explicit decision rules and the subsequent 
actions to be taken as soon as there are in-
dications that a regime shift has occurred. 
These decision rules need to be included in 
long-range policies and plans.” It is the re-
gime scale of climate variability that strongly 
affects the productivity of Pacific salmon 
throughout their range (Beamish and Bouil-
lon 1993; Hare and Francis 1995). Other spe-
cies of fish are affected but also may respond 
to modes of climate variability.

The importance of regimes and regime 
shifts in the production of Pacific salmon was 
recently demonstrated for pink and sockeye 
salmon in the Fraser River (Beamish et al. 
2004). Production data for these species in 
the Fraser River are some of the best in the 
world as the stocks are managed by the Pacif-
ic Salmon Commission in cooperation with 
representatives from Canada and the United 
States (Pacific Salmon Treaty 1999). The 
stock and recruitment relationship for both 
species of salmon significantly improved 
when the relationships were separated into 
regimes (Beamish et al. 2004). For sockeye 
salmon, the residuals from a standard Ricker 
curve for stock size and subsequent recruit-
ment from 1959 to 1998 were not random in-
dicating that environmental factors affecting 
production were not random (Figure 5). Of 

critical importance was the observation that 
the slopes of the stock and recruitment rela-
tionships were significantly different between 
regimes (Figure 5). Thus, the trends in pro-
ductivity may change quickly at the time of a 
regime shift. If the change is to a much lower 
productivity as occurred after the 1989 shift, 
it may be necessary to reduce exploitation 
rates or stocks could be quickly overfished. 
In such a case, the mechanism affecting a 
severe reduction in abundance is fishing, but 
the cause of the overfishing would include 
the natural reduction in production.

The recognition that climate-related im-
pacts on production are important means that 
we are now on the right road for salmon man-
agement but incorporating this understanding 
into their stewardship is not easy. Fisheries 
scientists have to accumulate an understand-
ing of the processes that link climate to ocean 
survival of salmon, as was done for fresh-
water production. We have to do this at the 
same time that the climate is changing due to 
elevated greenhouse gas emissions. Further-
more, it is uncertain how past relationships 
with climate will relate to future relation-
ships. Thus, it is a dangerous time for Pacific 
salmon management and a very steep road 
for fisheries management science.

After receiving the PICES report on re-
gimes (King 2005), Michael Sissenwine, the 
former Director of Scientific Programs and 
Chief Science Advisor for the U.S. Oceans 
and Fisheries Programs responded that, “man-
agers want to know if future regime shifts can 
be predicted, or if not, are there early warning 
signs, and how will they recognize the next 
shift whenever it occurs? These are diffi-
cult and important scientific questions. They 
are the epitome of relevance.” (Sissenwine 
2004). Thus, for Pacific salmon management, 
we need to be able to forecast when regime 
shifts will occur or at least be aware that a 
shift has occurred.

The recognition that regimes and regime 
shifts are real is important because it links 
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Figure 5. Stock (spawning females) and recruitment (total return) relationship for sockeye 
salmon Oncorhynchus nerka from the Fraser River from 1961 to 2000 year to sea. (A) Ricker 
curve fit to the entire time series of data. (B) Residuals from the Ricker curve. The pattern of 
all residuals are divided into i,ii and iii to represent the three regime periods as described in 
Beamish et al. (2004). (C) The stock and recruitment data with straight lines fit to data from 
each regime period. Lines i, ii and iii correspond to regime periods from panel B.
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biology and physics. We suggest that it may 
be possible to detect when regimes shift and 
perhaps even determine the magnitude and 
direction of the change by monitoring plane-
tary energy transfers. Changes in the strength 
of the Aleutian Low (Beamish and Bouillon 
1993; Mantua et al. 1997) indicate that en-
ergy transfers are involved. Thus, planetary 
processes control regimes. We believe that 
models that incorporate the mechanisms reg-
ulating regimes will provide advance warn-
ing of regime shifts and perhaps eventually 
be able to identify the general structure of the 
newly organized ecosystems. Management 
improves, as Sissenwine (2004) wrote, be-
cause of the advance knowledge of a change 
in ocean carrying capacity for a given spe-
cies.

 
Length of Day (LOD)

A first step in linking astronomy to bi-
ology may be the identification of an index 
of regime shifts that is associated with plan-
etary energy transfers. The length of day 
(LOD) is an index of the earth’s rotational 
velocity (Munk and MacDonald 1960; Lam-
beck 1980; Hide and Dickey 1991; http://
hpiers.obspm.fr/iers/eop/eopc03). The LOD 
is the difference between the astronomically 
measured duration of the time it takes the 
earth to complete one rotation and the stan-
dard 24-d duration which was established 
as exactly 86,400 s on January 1, 1958. 
Changes in the LOD are expressed as the 
difference in milliseconds between the mea-
sured day relative to the standard day. There 
are seasonal and decadal-scale trends in the 
LOD (Hide and Dickey 1991; Figure 6). 
All trends in the LOD are a result of energy 
transfers among the four shells of the planet: 
atmosphere, hydrosphere, solid earth (crust 
and mantle) and core (Figure 6A). The four 
shells of the planet do not rotate at the same 
speed, but the total energy involved is con-
stant (Lambeck 1980). If the total angular 

momentum of the atmosphere-solid earth is 
constant, then changes in the strength of the 
zonal winds as occurs in the Northern Hemi-
sphere winter result in an equal but oppo-
site change in the angular momentum of the 
solid earth. This change is indexed by the 
LOD. Seasonal changes including changes 
of a few days to a few years in the LOD are 
closely linked with changes in the upper at-
mospheric winds (Hide et al. 1980; Rosen 
and Salstein 1985, 1991; Dickey et al. 1993; 
Rosen 1993; Pais and Hulot 2000). Thus the 
LOD can be used as an index of atmospher-
ic processes. The index is of large scale 
change. Regional changes that are known 
to be important to Pacific salmon dynam-
ics (Hare et al. 1999) would involve addi-
tional regional indices such as surface tem-
peratures at the time of the spring plankton 
blooms. Decadal-scale changes representing 
annual trends are believed to occur as a con-
sequence of energy transfers between the 
core and the solid earth (Hide and Dickey 
1991). Decadal-scale changes in LOD (Fig-
ure 6B) are generally considered to reflect 
energy changes between the core and mantle 
(Hide et al. 1980; Lambeck 1980). Beamish 
et al. (1999) used the decadal-scale LOD 
to report that periods of decreasing and in-
creasing LOD could be related to periods of 
strong and weak sardine (Sardinops spp.) 
production, possibly indicating an LOD re-
lationship with the structure of large marine 
ecosystems. However, it is the pattern of 
the seasonal LOD that we suggest may be 
an index of regimes and regime shifts (Fig-
ure 6C). It is the upper atmospheric winds 
and not ocean forcing that causes seasonal 
changes in the LOD (Gross et al. 2004). The 
strength of the Aleutian Low, or the energy 
associated with the Aleutian Low, is repre-
sented by the Aleutian Low Pressure Index 
(Beamish et al. 1997a), the North Pacific 
Index (Trenberth and Hurrell 1995) and 
the Pacific Interdecadal Oscillation (PDO; 
Mantua et al. 1997). In the subarctic Pacific, 
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Figure 6. (A) Cutaway earth, showing 4 layers: atmosphere, hydrosphere, solid earth and 
core. (B) Annual trends in Length of Day (LOD) anomaly on a decadal scale from 1800 to 
2004. (C) An example of the seasonal trend in LOD anomaly showing an increase in rotation 
rate in summer months in the northern hemisphere (Source: Hide and Dickey 1991).

Hydrosphere

Atmosphere

Solid Earth

Core

Hydrosphere

Atmosphere

Solid Earth

Core

Hydrosphere

Atmosphere

Solid Earth

Core

-4.0

-3.0

-2.0

-1.0

0.0

1.0

2.0

3.0

4.0

5.0

1800 1840 1880 1920 1960 2000
Year

An
nu

al
 L

oD
 (m

se
c)

B

0.0

0.5

1.0

1.5

2.0

2.5

3.0

Jan Feb Mar Apr May Jun Jul Aug Sept Oct Nov Dec

Month

LO
D

 (m
se

c)

C

A



55Uphill Path Both Ways

it is the strength of the Aleutian Low that 
affects winter storminess which in turn af-
fects Pacific salmon production (Beamish 
and Bouillon 1993; Francis and Hare 1994; 
Hare and Francis 1995). The seasonal LOD 
slows down in the northern hemisphere in 
the winter and speeds up in the summer, as 
a consequence of the stronger zonal winds, 
stormier climate in winter and the mountain 
torques resulting from larger land mass in 
the northern hemisphere (Figure 6C). There 
are regime-like trends in the seasonal LOD. 
Daily estimates of LOD since 1993 are 
available on the IERS website (http://hpi-
ers.obspm.fr/iers/eop/eopc03). The 1998 
regime shift was characterized in the sea-
sonal LOD as a change in pattern about 
May 1998 to a new pattern of faster rotation 
(Figure 7A). The 1989 regime shift is not as 
distinct in the seasonal LOD record but it 
is also possible to show that the 1989 shift 
was represented by a slowing down in Octo-
ber/November to a general pattern of longer 
LOD (Figure 7B). The linkage between the 
slowing down of the solid earth, or a lon-
ger LOD, and trends in Pacific salmon pro-
duction is through the winds. The patterns 
of atmospheric circulation also change on 
decadal scales (Beamish et al. 1999; King et 
al. 2006; Klayshtorin 1998) with an index of 
the dominant directions related to large scale 
Pacific salmon production. Recent regime 
shifts occurred in 1977, 1989 and 1998, or at 
12- and 9- year intervals. This may indicate 
that the next shift would occur after about 
ten years or about 2009, perhaps in the fall. 
This speculation is based only on the length 
of recent regimes. If the next regime shift is 
associated with a change to a new pattern in 
seasonal LOD, as observed in 1998 (Figure 
7A), then it would support the hypothesis 
that shifts in the trends of the seasonal LOD 
are related to regime shifts.

Time will tell if the seasonal LOD is a 
useful index of the exact timing of regime 
shifts. Regardless, because planetary energy 

transfers are involved in regime shifts, it 
may be more promising to search for indices 
of regime shifts in the physics of the process 
rather than the oceanography or biology of 
the result.

 
Climate Change

Climate change is another uphill chal-
lenge for fisheries science. Most scientists 
are confident that global warming will af-
fect the production of Pacific salmon. Cli-
mate change is a serious issue for fisheries 
management science because past climate 
impacts may not be representative of future 
climate impacts, particularly if the impacts 
are nonlinear. We also do not know how 
global warming will alter the atmospheric 
circulation in the subarctic Pacific. One sce-
nario proposes that warming in the North 
Pacific would decrease the temperature dif-
ference between the tropical Pacific and 
the subarctic Pacific resulting in decreased 
winter storm intensity and a northward 
shift in the average line of wind stress curl 
which separates the subarctic and subtropi-
cal Pacific. If this occurred, there would 
be weaker Aleutian Lows, less mid-ocean 
upwelling, increased stratification and a 
warmer, shallower mixed layer, typical of 
the negative-phased PDO (Mantua et al. 
1997). According to this scenario, past re-
lationships between salmon production and 
PDO (Hare and Mantua 2000) would indi-
cate that total salmon production would be 
reduced. Another scenario is virtually the 
opposite. Using the models of Mote et al. 
(1999), Beamish and Noakes (2002) pro-
posed that more intense Aleutian Lows in 
a global warming scenario could increase 
the productivity of Pacific salmon for more 
northern stocks. This becomes even more 
critical when one considers that the average 
changes induced by global warming scenar-
ios are projected to be significantly greater 
in the high latitude regions.



56			   Beamish et al.

  

-1.0

0.0

1.0

2.0

3.0

Jan Feb Mar April May June July Aug Sept Oct Nov Dec
Month

L
O

D
 (

m
se

c)

B

-1.0

0.0

1.0

2.0

3.0

Jan Feb Mar April May June July Aug Sept Oct Nov Dec
Month

L
O

D
 (

m
se

c)

A

Figure 7. Seasonal patterns in the LOD. As described in the text, the LOD is an anomaly from 
the standard 24-day rotation, relative to the agreed-to point established on January 1, 1958. 
(A) The heavy solid line is the pattern observed in 1998 showing a shift to a new pattern in 
May. The thin solid lines represent the LOD values for 1990 to 1997. The short dashed lines 
represent the values for 1999 to 2004. (B) The heavy solid line is the pattern observed in 1989 
showing a shift to a new pattern in October–November. The long dashed lines represent the 
LOD values for 1983 to 1988. The thin solid lines are the LOD values for 1990 to 1997.
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It is very likely that carbon dioxide levels 
in the atmosphere will continue to increase 
(Figure 8) and the increase may accelerate in 
the future. China apparently has plans to qua-
druple its economy in the next 30 years (El-
liott et al. 2002). This will require additional 
energy equivalent to about 50% of what is 
currently used annually in the United States. 
Much of this new energy will come from burn-
ing coal, with the obvious consequences, and 
possibly other greenhouse gases. An equally 
disturbing possibility is the thawing of the 
permafrost in northern latitudes. Peat lands 
in the subarctic region are relatively stable 
in part because of the underlying permafrost. 
Peat lands contain huge quantities of carbon 
that could be released if the permafrost disap-
pears (Environment Canada 2004). These are 
only two examples of major, potential, new 
sources of carbon dioxide that, in addition to 
the current increasing trend, indicate that it is 
most probable the atmospheric levels of car-
bon dioxide will continue to increase.

 

The Problem of Hatchery and Wild 
Pacific Salmon

A significant percentage of Pacific salm-
on in the ocean now originate from hatcher-
ies. One major problem is that it is not known 
if the large abundances of hatchery salmon 
have compromised the ability of wild salmon 
to adapt to the potential effects of climate 
change. Beamish et al. (1999) estimated that 
from 1974 to 1992 the percentage of hatchery-
produced chum salmon O. keta in the total 
Pacific catch went from 39% to 84%; and that 
of hatchery-produced pink salmon O. gorbus-
cha went from 10% to 23%. In some coastal 
areas off the west coast of North America, the 
percentage of coho O. kisutch and chinook 
salmon O. tshawytscha from hatcheries ex-
ceeds 70% (Sweeting et al. 2003; Northwest 
Fisheries Science Center 2003; Brannon et 
al. 2004). Although the debate about damage 
to wild salmon by hatchery salmon continues 
(Hilborn and Eggers 2001; Wertheimer et al. 
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Figure 8. Increase in atmospheric carbon dioxide levels from 1832 to 2004. Data from 1832 
to 1958 are historical CO2 data measured from Law Dome, East Antarctica ice cores and has 
been smoothed using 20-year running averages (Source: Etheridge et al. 1998). Monthly 
data from 1958 to 2004 are from Mauna Loa (Source: Keeling 2004).
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2001a, 2001b) there is evidence of replace-
ment (Lichatowich 1999; Hilborn and Eggers 
2000) and concern about the genetic effects 
when hatchery and wild fish breed (Utter 
2004; Goodman 2005).

We define a wild salmon as a fish from a 
spawning population that has not experienced 
reproduction with hatchery fish more frequent-
ly than the natural straying rate. According to 
this definition, stray hatchery fish that spawn 
naturally may be affecting wild salmon. The 
impacts on wild stocks may not be evident, or 
critical, in periods of higher ocean carrying 
capacity for Pacific salmon. However, if wild 
stocks are being replaced, what will happen 
when there is the inevitable shift to reduced 
ocean carrying capacity for salmon? Pacific 
salmon have evolved to survive periods of un-
favorable habitat conditions in fresh water and 
in the ocean, and to expand in favorable habi-
tat conditions. It is a fundamental precept of 
ecology that above some minimum population 
size, abundance is not regulated by the number 
of eggs or young, but by the available habitat. 
For Pacific salmon, the critical habitat is both 
in fresh water and the ocean. For example, 
we know that on the Pacific coast of Canada, 
there have been important changes in climate 
since the glacial period about 14,000 years 
ago that would affect the reproduction of Pa-
cific salmon in fresh water. There was a transi-
tion from a glacial to an interglacial climate 
between 12,500 and 9,000 years BP (Walker 
and Pellatt 2003). Summer temperatures were 
about 3°C warmer between 9,000 and 7,000 
years BP. Summer temperatures declined from 
7,000–3,000 years BP with more precipitation 
and a stronger Aleutian Low. Pacific salmon 
adapted to these changes by evolving stocks 
with different life histories. Thus, Pacific 
salmon of all species have produced thousands 
of stocks throughout their range that differ 
slightly in their biology and life history strat-
egy giving the species resiliency in a naturally 
changing environment (Hilborn et al. 2003). 
The rapid climate change we have observed 

in the past century may overwhelm this bio-
logical/evolutionary adaptability. Biologists 
are also concerned that a replacement of wild 
salmon by hatchery salmon or a loss of genetic 
diversity through interbreeding with hatchery 
fish could affect the evolved ability of a spe-
cies to survive future periods of unfavourable 
habitats in fresh water and in the ocean. The 
concern is legitimate as there has been little 
research to assess the long-term consequences 
of the massive hatchery programs. It should be 
recognized that in the extreme, a management 
approach could be to disregard wild fish and 
use the ocean as a pasture for hatchery fish, as 
has occurred in Japan and as we now do for 
many land animals. In such a scenario, there 
would have to be continued selection for fish 
that produced the best returns in the changing 
ocean habitats. Beamish et al. (1997b) wrote, 
“The massive production of artificially reared 
Pacific salmon and the potential for large-scale 
changes in climate—ocean environment con-
stitute a basin scale experiment with the Pacif-
ic salmon ecosystem.” The hatchery program 
may be a legacy of the earlier belief that the 
ocean was limitless in its capacity to produce 
salmon as long as the fishing rates were high. 
However, the program is very successful in 
some areas such as Japan where about 2 bil-
lion chum fry are released each year (North 
Pacific Anadromous Fish Commission 2004) 
and there are virtually no wild chum stocks. 
Thus, all Pacific salmon in the ocean of a par-
ticular species may not be affected by climate 
and climate change in the same way.

 
Conclusion

Pacific salmon have not behaved as ex-
pected based on early stock and recruitment 
theory. The major reason for the difficulty in 
understanding the factors regulating produc-
tion was a poor understanding of the impor-
tance of climate impacts. We now know that 
climate is important and that it is the regime 
scale of variability that appears to most affect 
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Pacific salmon production throughout their 
range. This new understanding of physical 
and biological processes that regulate recruit-
ment can provide fisheries managers with 
new information that can be modeled to link 
climate and physical processes to recruit-
ment, abundance and distribution. However, 
much work remains in fisheries management 
science before the new models are reliable.

Scientists need to determine how climate 
affects the productivity of a species includ-
ing the populations and stocks of the species. 
Understanding the mechanisms ensures that 
climate changes can be directly linked to 
production. Because climate impacts occur 
in trends or regimes, it is important to work 
out the physics of regimes and regime shifts. 
The discovery of the mechanism that shifts 
regimes will improve the ability of models 
to identify when trends in salmon abundance 
may change. Including climate in regional 
forecast models will also improve manage-
ment (Weitkamp and Neely 2002). The mas-
sive hatchery programs that have developed 
in the last 50 years have produced fish that 
possibly are not as resilient to climate chang-
es as wild fish. Long-term research needs to 
determine if this concern is real and, if it is 
real, hatchery fish and wild fish will need to 
be distinguished in models that assess inter-
ventions into their population dynamics.

The recognition that climate and climate 
change must be considered in the manage-
ment of salmon stocks adds complexity to the 
structure of a science organization charged 
with supplying the best information to man-
agers and stakeholders. Both freshwater and 
ocean habitats of Pacific salmon must be a 
component of any future modeling exercise. 
Biologists, oceanographers, climatologists, 
and physicists need to work together. The 
best models probably will come from teams 
of scientists. The best science organizations 
that find ways to establish, recognize and re-
ward these teams will become recognized for 
the consistently high quality of their advice.

 

References

Beamish, R. J., and D. R. Bouillon. 1993. Pacific 
salmon production trends in relation to climate. 
Canadian Journal of Fisheries and Aquatic Sci-
ences 50:1002–1016.

Beamish, R. J., and D. J. Noakes. 2002. The role of 
climate in the past, present and future of Pacific 
salmon fisheries off the west coast of Canada. 
Pages 231–244 in N. A. McGinn, editor. Fish-
eries in a changing climate. American Fisheries 
Society Symposium 32, Bethesda, Maryland.

Beamish, R. J., G. A. McFarlane, D. Noakes, M. Fol-
kes, V. V. Ivanov, and V. Kurashov.  1997a. A 
comparison of the Aleutian Low Pressure Index 
and the Atmospheric Circulation Index as indi-
ces of Pacific salmon abundance trends. North 
Pacific Anadromous Fish Commission Doc. 289. 
Department of Fisheries and Oceans, Pacific Bi-
ological Station, Nanaimo, B.C., Canada.

Beamish, R. J., C. Mahnken, and C. M. Neville. 
1997b. Hatchery and wild production of Pa-
cific salmon in relation to large-scale, natural 
shifts in the productivity of the marine en-
vironment. ICES Journal of Marine Science 
54:1200–1215.

Beamish, R. J., D. J. Noakes, G. A. McFarlane, L. 
Klyashtorin, V. V. Ivanov, and V. Kurashov. 1999. 
The regime concept and natural trends in the 
production of Pacific salmon. Canadian Journal 
of Fisheries and Aquatic Sciences 56:516–526.

Beamish, R. J., J. T. Schnute, A. J. Cass, C. M. Neville, 
and R. M. Sweeting. 2004. The influence of cli-
mate on the stock and recruitment of pink and 
sockeye salmon from the Fraser River, British 
Columbia, Canada. Transactions of the Ameri-
can Fisheries Society 133:1396–1412.

Benson, A. J., and A. W. Trites. 2002. Ecological ef-
fects of regime shifts in the Bering Sea and east-
ern North Pacific. Fish and Fisheries 3:95–113.

Brannon, E. L., D. F. Amend, M. A. Cronin, J. E. Lan-
nan, S. LaPatra, W. J. McNeil, R. E. Noble, C. E. 
Smith, A. J. Talbot, G. A. Wedemeyer, and H. 
Westers. 2004. The controversy about salmon 
hatcheries. Fisheries 29:12–31.

Clark, W. G., and S. R. Hare. 2002. Effects of climate 
and stock size on recruitment and growth of 
Pacific halibut. North American Journal of Fish-
eries Management 22:852–862.

DFO Pacific Regional Data Unit. 2005. Available: 
www-sci.pac.dfo-mpo.gc.ca/sa/Recreational. 
(December 2005).

Dickey, J. O., S. L. Marcus, C. M. Johns, R. Hide, 
and S. R. Thompson. 1993. The oceanic con-
tributions to the Earth’s seasonal angular mo-



60			   Beamish et al.

mentum budget. Geophysical Research Letters 
20:2953–2956.

Elliott, D., M. Schwartz, G. Scott, S.Haymes, D. 
Heimiller, and R. George. 2002. Wind energy 
resource atlas of southeast China. National Re-
newable Energy Laboratory, United States De-
partment of Energy, contract no. DE-AC36–99-
G010337 NAEL/TP-500–3271.

Environment Canada. 2004. Threats to water avail-
ability in Canada. NWRI Assessment Report Se-
ries No. 3 and ACSD Science Assessment Series 
No 1. National Water Research Institute, Burl-
ington, Ontario.

Etheridge, D.M., L. P. Steele, R. L. Langenfelds, R. J. 
Francey, J.-M. Barnola, and V. I. Morgan. 1998. 
Historical CO2 records from the Law Dome 
DE 08, DE 08–2 and DSS ice cores. In Trends: 
A Compendium of Data on Global Change. 
Carbon Dioxide Information Analysis Center, 
Oak Ridge National Laboratory, United States 
Department of Energy, Oak Ridge, Tennes-
see, USA. Available: http://cdioc.ornl.gov/ftp/
trends/co2/lawdome.combined.dat. (December 
2005).

Finney, B. P., I. Gregory-Eaves, M.S.V. Douglas, and 
J. P. Smol. 2002. Fisheries productivity in the 
northeastern Pacific Ocean over the past 2000 
years. Nature (London) 416:729–733.

Fisheries and Environment Canada. 1978. The sal-
monid enhancement program. A public discus-
sion paper. Information Branch, Fisheries and 
Marine Science, Vancouver, B.C.

Fisheries and Oceans Canada. 1992. Coho Steering 
Committee Final Report: Planning Process and 
Recommendations. Department of Fisheries 
and Oceans Canada, Vancouver, B.C.

Francis, R., and S. R. Hare. 1994. Decadal-scale re-
gime shifts in the large marine ecosystem of the 
Northeast Pacific: a case for historical science. 
Fisheries Oceanography 3:249–291.

Goodman, D. 2005. Selection equilibrium for hatch-
ery and wild spawning fitness in integrated 
breeding programs. Canadian Journal of Fish-
eries and Aquatic Sciences 62:374–389.

Gross, R.S., I. Fukumori, D. Menemenlis. 2004. and 
Gegout, Pascal. 2004. Atmospheric and ocean 
excitation of length-of-day variations during 
1980–2000. Journal of Geophysical Research 
109: B01406, doi: 1029/2003 JB002432.

Hare, S. R., and R. C. Francis. 1995. Climate change 
and salmon production in the northeast Pacific 
Ocean. Pages 357–372 in R. J. Beamish, editor. 
Climate change and northern fish populations. 
Special Publication of the Canadian Journal of 
Fisheries and Aquatic Sciences 121.

Hare, S. R., and N. J. Mantua. 2000. Empirical evi-
dence for North Pacific regime shifts in 1977 
and 1989. Progress in Oceanography 47:103–
145.

Hare, S. R., N. J. Mantua, and R. C. Francis. 1999. 
Inverse production regimes: Alaskan and West 
Coast salmon. Fisheries 24(1):6–14.

Hide, R., and J. O. Dickey. 1991. Earth’s Variable Ro-
tation. Science 253:629–637.

Hide, R., N. T. Birch, L. V. Morrison, D. J. Shea, and 
A. A. White. 1980. Atmospheric angular mo-
mentum fluctuations and changes in the length 
of day. Nature (London) 286:114–117.

Hilborn, R., and D. Eggers. 2000. A review of the 
hatchery programs for pink salmon in Prince 
William Sound and Kodiak Island, Alaska. 
Transactions of the American Fisheries Society 
129:333–350.

Hilborn, R., and D. Eggers. 2001. A review of the 
hatchery programs for pink salmon in Prince 
William Sound and Kodiak Island, Alaska: Re-
sponse to comment. Transactions of the Ameri-
can Fisheries Society 130:720–724.

Hilborn, R., T. P. Quinn, D. E. Schindler, and D. E. 
Rogers. 2003. Biocomplexity and fisheries sus-
tainability. Proceedings of the National Acad-
emy of Sciences, USA 100:6564–6568.

Kawasaki, K. and M. Omori. 1986. Fluctuations in 
the three major sardine stocks in the Pacific 
and the global temperature. Pages 37–53 in T. 
Wyatt and G. Larranenta, editors. Long-term 
Changes in Marine Fish Populations. A sympo-
sium held in Vigo, Spain, Nov. 18–21, 1986.

Keeling, C. D. 2004. Atmospheric CO
2
 concentra-

tions (ppmv) derived from in situ air samples 
collected at Mauna Loa Observatory, Hawaii. 
T. P. Whorf, and the Carbon Dioxide Research 
Group, Scripps Institution of Oceanography 
(SIO) University of California, La Jolla, Califor-
nia. Available: http://cdiac.ornl.gov/ftp/ndp001/
maunaloa.co2. (December 2005).

King, J. R. 2005. Report of the Study Group on the 
Fisheries and Ecosystem Responses to Recent 
Regime Shifts. PICES Science Report Number 
28.

King, J. R., V. V. Ivanov, V. Kurashov, R. J. Beamish, 
and G. A. McFarlane. 2006. An index of gener-
al circulation of the atmosphere over the North 
Pacific. Izevetia TINRO 145:220–227.

Klayshtorin, L. B. 1998. Long-term climate change 
and main commercial fish production in the 
Atlantic and Pacific. Fisheries Research 37:115–
125.

Lambeck, K. 1980. The Earth’s Variable Rotation. 
Cambridge University Press, London.



61Uphill Path Both Ways

Lichatowich, J. A. 1999. Salmon without rivers: 
a history of the Pacific salmon. Island Press, 
Washington, D.C.

Mantua, N. J., S. R. Hare, Y. Zhang, J. M. Wallace, 
and R. C. Francis. 1997. A Pacific interdecadal 
climate oscillation with impacts on salmon 
production. Bulletin of the American Meteo-
rological Society 78:1069–1079.

Mantua, N. J., and R. C. Francis. 2004. Natural cli-
mate insurance for Pacific northwest salmon 
and salmon fisheries: finding our way through 
the entangled bank. Pages 127–140 in E. E. 
Knudsen and D. MacDonald, editors. Sustain-
able management of North American Fisher-
ies. American Fisheries Society, Symposium 43, 
Bethesda, Maryland.

McFarlane, G. A., J. R. King, and R. J. Beamish. 
2000. Have there been recent changes in cli-
mate? Ask the fish. Progress in Oceanography 
47:147–169.

Minobe, S. 1999. Resonance in bidecadal and pen-
tadecadal climate oscillations over the North 
Pacific: role in climate regime shifts. Geophysi-
cal Research Letters 26:853–858.

Mote, P., M. Holmberg, and N. Mantua. 1999. Im-
pacts of climate change: Pacific Northwest. 
Pages 1–110 in A. Snover, E. Miles & JISAO/
SMA Climate Impacts Group, editors. A sum-
mary of the Pacific Northwest Regional As-
sessment Group for the U.S. Global Change 
Research Program. JISAO/SMA Climate Impacts 
Group, University of Washington, Seattle.

Munk, W. H. and G. J. F. MacDonald. 1960. The ro-
tation of the Earth: a geophysical discussion. 
Cambridge University Press, London, UK.

North Pacific Anadromous Fish Commission. 2004. 
Annual Report. Secretariat, Vancouver, BC.

Northwest Fisheries Science Center. 2003. Salmon 
Hatchery questions and Answers. Available: 
http://www.nwfsc.noaa.gov/resources/search_
faq.cfm?faqmaincatid=3#faqid66. (December 
2005).

Pacific Salmon Treaty. 1999. Treaty between the 
Government of Canada and the Government 
of the United States of America concerning Pa-
cific Salmon. Available: http://www.oceanlaw.
net/texts/psc.htm. (December 2005).

Pais, A., and G. Hulot. 2000. Length of day decade 
variations, torsional oscillations and inner core 
superrotation: evidence from recovered core 
surface zonal flows. Physics of Earth and Plan-
etary Interiors 118:291–316.

Ricker, W. E. 1954. Stock and recruitment. Jour-
nal of the Fisheries Research Board of Canada 
11:559–623.

Ricker, W. E. 1958. Maximum sustained yields from 
fluctuating environments and mixed stocks. 
Journal of the Fisheries Research Board of Can-
ada 15:991–1006.

Ricker, W. E. 1973. Two mechanisms that make it 
impossible to maintain peak-period yields from 
stocks of Pacific salmon and other fishes. Jour-
nal of the Fisheries Research Board of Canada 
30:1275–1286.

Rosen, R. D. 1993. The axial momentum balance 
of Earth and its fluid envelope. Surveys in Geo-
physics 14:1–29.

Rosen, R. D., and D. A. Salstein. 1985. Contribu-
tion of stratospheric winds to annual and semi-
annual fluctuations in atmospheric angular 
momentum and the length of day. Journal of 
Geophysical Research 90:8033–8041.

Rosen, R. D., and D. A. Salstein. 1991. Comment on 
“A seasonal budget of the Earth’s axial angular 
momentum” by Naito and Kikuchi. Geophysi-
cal Research Letters 18:1925–1926.

Russell, F. S., A. J. Southward, G. T. Boalch, and E. I. 
Butler. 1971. Changes in biological conditions in 
the Engish Channel off Plymouth during the last 
half century. Nature (London) 234:468–470.

Sissenwine, M. P. 2004. Welcome address on be-
half of the Government of the United States of 
America. Pages 4–5 in Report of Opening Ses-
sion, PICES Annual Report of 13th Annual Meet-
ing, October 14–14, 2004, Honolulu, Hawaii.

Souter, A., and J. D. Isaacs. 1974. Abundance of pe-
lagic fish during the 19th and 20th centuries as 
recorded in anaerobic sediments off California. 
Fish Bulletin US 72:257–275.

Sweeting, R. M., R. J. Beamish, D. J. Noakes, and 
C. M. Neville. 2003. Replacement of wild coho 
salmon by hatchery-reared coho salmon in the 
Strait of Georgia over the past three decades. 
North American Journal of Fisheries Manage-
ment 23:492–502.

Trenberth, K. E. and J. W. Hurrell. 1995. Decadal 
coupled atmosphere-ocean variations in the 
North Pacific Ocean. Pages 15–24 in R. J. 
Beamish, editor. Climate change and northern 
fish populations. National Resource Council, 
Ottawa, Canada.

Utter, F. 2004. Population genetics, conservation 
and evolution in salmonids and other widely 
cultured fishes: some perspectives over six de-
cades. Reviews in Fish Biology and Fisheries 
14:125–144.

Walker, I., and M. G. Pellatt. 2003. Climate change 
in coastal British Columbia. Canadian Water 
Resources Journal 28:531–566.

Weitkamp, L., and K. Neely. 2002. Coho salmon (On-



62			   Beamish et al.

corhynchus kisutch) ocean migration patterns: 
insight from marine coded-wire tag recoveries. 
Canadian Journal of Fisheries and Aquatic Sci-
ences 59:1100–1115.

Wertheimer, A. C., W. W. Smoker, T. L. Joyce, and 
W. R. Heard. 2001a. Hatchery pink salmon in 
Prince William Sound: enhancement or dis-
placement? Proceedings of the 20th Northeast 
Pacific pink and chum salmon workshop, Na-
tional Marine Fisheries Service (NMFS), NOAA 
Fisheries, Seattle.

Wertheimer, A. C., W. W. Smoker, T. L. Joyce, and 
W. R. Heard. 2001b. Comment: a review of the 

hatchery programs for pink salmon in Prince 
William Sound and Kodiak Island, Alaska. 
Transactions of the American Fisheries Society 
130:712–720.

Yasunaka, S., and K. Hanawa. 2002. Regime shifts 
found in the northern hemisphere SST field. 
Journal of the Meteorological Society of Japan 
80:119–135.

Zhang, C. I., J. B. Lee, S. Kim, and J. H. Oh. 2000. 
Climatic regime shifts and their impacts on 
marine ecosystems and fisheries resources 
in Korean waters. Progress in Oceanography 
47:171–190.


